ABSTRACT In Þelds of genetically engineered maize that produce insecticidal Bacillus thuringiensis (Bt) proteins, generalist predators are likely to be exposed to the toxin via prey consumption. For the assessment of risks of Bt proteins to nontarget species, information on Bt protein uptake, fate after feeding, and accumulation after long-term exposure is valuable. One objective of this study was to determine uptake and fate of Bt protein in an arthropod predator. Phylloneta impressa (L. Koch) spiders were fed with a single Diabrotica virgifera virgifera LeConte western corn rootworm beetle or Chrysoperla carnea (Stephens) lacewing that were reared on Cry3Bb1-expressing Bt maize material. The Bt protein concentration measured in spiders 1 d after feeding was 55% of the concentration in beetles and 37% of the concentration in lacewings. Five days after feeding, the Bt protein concentration in P. impressa decreased by Ϸ90%, indicating rapid excretion, digestion, or both. To investigate the potential accumulation of Cry3Bb1 in spiders, lacewings, and rootworm beetles, concentrations after a short period of feeding (1Ð 8 d) on food containing Bt protein obtained in the present study were compared with published data on long-term continuous feeding (28 Ð 64 d). Concentrations of Cry3Bb1 after long-term feeding were similar or lower than those after short-term feeding, which indicates that the Bt protein does not accumulate in the tested arthropods over time.
Insect resistance in most of todayÕs genetically engineered (GE) plants is achieved by production of Coleoptera or Lepidoptera-active Cry proteins originating from the bacterium Bacillus thuringiensis Berliner (Bt) (James 2011) . Potential unintended adverse effects on valued nontarget species have been assessed by regulatory agencies and scientists before and after new GE crops have been approved for commercial release. In the context of nontarget risk assessment, a species can only be at risk if it is exposed to the novel protein and if the ingested dose can cause harm under Þeld conditions . Exposure of arthropods in a Bt crop mainly occurs through direct plant feeding or through preying or parasitizing on prey or hosts that have ingested Bt protein (Romeis et al. 2009 ). However, in addition to arthropods inhabiting a Bt crop, species living in neighboring habitats (e.g., Þeld margins) also can be exposed to the Bt protein through plant parts (e.g., pollen) and prey or host species leaving the crop (Romeis et al. 2009 ). For the assessment of risks of Bt proteins to nontarget species in and off the crop of interest, information on Bt protein uptake, fate after feeding, and accumulation after long-term exposure is valuable. If toxic substances accumulate over time, high exposure of nontarget species and consequently long-term effects may appear that cannot be seen in short-term feeding studies. For Bt proteins, concentrations in arthropods after long-term versus short-term feeding rarely have been compared (Li and Romeis 2010) .
For the current study, we selected the spider Phylloneta impressa (L. Koch) (syn. Theridion impressum L. Koch, Araneae: Theridiidae) as a generalist predator. This web-building spider is common in European maize Þelds and exposed to Bt proteins produced by GE maize (Meissle and Romeis 2009a) . In previous experiments, female P. impressa were fed with adult Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) and Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) containing the Coleoptera-active Cry3Bb1 protein for 8 wk in the laboratory (Meissle and Romeis 2009a) . At the end of the experiment, the females contained 18 Ð32% of the Cry3Bb1 concentration in their last prey. Juvenile P. impressa fed with Cry3Bb1-containing Tetranychus urticae Koch (Acari: Tetranychidae) or maize pollen for 8 wk contained only 3% of the Cry3Bb1 concentration in spider mites or pollen. Furthermore, no differences in mortality, weight development, and offspring production were observed between spiders provided with food containing or not containing Cry3Bb1 (Meissle and Romeis 2009a) . Complementing these long-term feeding studies, the aim of the current study was to determine the uptake and fate of Cry3Bb1 protein in P. impressa after feeding on one prey item only. As prey species, adult C. carnea and D. v. virgifera were used. In addition, potential accumulation of Cry3Bb1 in different arthropod species was investigated. For this purpose, short-term feeding data obtained in the current study were compared with previously published data after long-term continuous feeding on food containing plant-derived Bt protein.
Materials and Methods
Uptake and Fate of Cry3Bb1. GE maize (DKC 5143Bt, event MON88017) expressing a modiÞed cry3Bb1 gene (ÔBt maizeÕ, Monsanto Company, St Louis, MO) was grown in the glasshouse according to Meissle and Romeis (2009a) . Prey consisted of adult green lacewings C. carnea from our own laboratory culture (Romeis et al. 2004 ) and adult western corn rootworms D. v. virgifera of a nondiapausing strain (Miller et al. 2009 ), which were obtained from a laboratory culture at the CABI Bioscience Centre in Delé mont, Switzerland. Lacewings were kept individually and fed with pollen collected from Bt maize (Meissle and Romeis 2009a) . Corn rootworm beetles were kept in groups of Ͻ30 beetles and fed with fresh leaf strips and silk from Bt maize. Lacewings and beetles were allowed to feed on the Bt maize material for 5Ð7 d before they were fed to adult spiders.
Females of P. impressa were collected before anthesis from non-Bt maize Þelds and starved for 2 wk at 12ЊC. Thereafter, the spiders were placed individually in ventilated transparent plastic cylinders (6.5 cm by 8 cm), and kept in a climate chamber at 24 Ϯ 1ЊC, 60 Ϯ 10% RH, and a photoperiod of 16:8 (L:D) h. Within 1 d, the spiders started to build a web in the cages. Water was provided by spraying the cages. Spiders were assigned randomly to one of four prey treatments: D. v. virgifera male, D. v. virgifera female, C. carnea male, or C. carnea female. Male and female prey items were regarded as separate treatments because they differ substantially in weight and Bt protein concentration (Li et al. 2008 , Meissle et al. 2011 . Each spider was supplied with only one living prey item during the experiment. All spiders that successfully attacked their prey were assigned to one of three time treatments. One third of the spiders and their prey carcasses were frozen individually at Ϫ80ЊC 1 d after providing the prey (subsequently referred to as "1 d" treatment). Another third of the spiders was kept for 5 d with their prey to allow potential multiple feeding on the prey item, and frozen afterwards ("5 d" treatment). The last third of spiders was separated from their prey after 1 d, but both prey and spiders were kept another 4 d before being frozen ("Separated" treatment). Each prey ϫ time combination was replicated 18 Ð19 times. To determine the Bt protein content in prey items before being fed to the spiders ("Fresh" prey), 26 Ð30 living individuals of each prey type were frozen individually.
All frozen samples were lyophilized and the dry weight (DW) was determined. The amount of Cry3Bb1 (in ng) in spiders, prey remains, and fresh prey was measured using double-antibody sandwich enzyme-linked immunosorbent assays (DAS-ELISA) according to Meissle and Romeis (2009a) . Spiders and prey not exposed to Bt protein have been shown to reveal OD values that did not systematically differ from those of buffer-only controls, indicating no cross reaction of arthropod proteins with the ELISA kit (Meissle and Romeis 2009a) .
The amount of Cry3Bb1 was compared between the different fresh prey types by using KruskalÐWallis analysis of variance followed by multiple posthoc comparisons. For the determination where the Bt protein ended up after the spiders fed on their prey, the amount of Cry3Bb1 in fresh prey was compared with the sum of Cry3Bb1 in prey and spiders of the "1 d" treatment (MannÐWhitney U tests). Furthermore, the amount of Cry3Bb1 in spiders and prey of each prey treatment was compared between time treatments with nonparametric MannÐWhitney U tests. For prey species, "Fresh" was compared with "1 d," "1 d" with "5 d", and "5 d" with "Separated." For spiders, "1 d" was compared with "5 d" and "5 d" with "Separated." To adjust for multiple comparisons, signiÞcance levels were divided by three for prey data and by two for spider data according to BonferroniÐHolm (Holm 1979) .
Comparison of Short-Term With Long-Term Feeding Data. Concentrations measured after several weeks of continuous feeding with Cry3Bb1-containing food are available for P. impressa, C. carnea, and D. v. virgifera from previous publications by Meissle and Romeis (2009a) , Li et al. (2008) , and Meissle et al. (2011) , respectively.
In the current study, we present short-term feeding data for the same arthropod species and food items that are compared with the published long-term data (Table 1) . For female P. impressa feeding on lacewings and corn rootworms, the ELISA data obtained from the "1 d" treatment of the previously described experiment were used for the calculation of Cry3Bb1 concentrations in g per g DW. Similarly, short-term data on Cry3Bb1 concentrations for lacewing females and males were calculated from the fresh prey individuals that were subjected to ELISA as described previously.
For obtaining short-term feeding data for juvenile P. impressa, spiderlings were fed with Bt maize-reared T. urticae or Bt maize pollen for seven or 8 d, respectively. This experiment was conducted in parallel to the published long-term study using the same batches of juvenile spiders and the methodology described in Meissle and Romeis (2009a) . Six and 17 samples for spider mites and pollen, respectively, were measured by ELISA, whereas each sample contained 4 Ð 6 spiderlings (Table 1) . Similarly, data on D. v. virgifera females and males feeding for 8 d on Bt maize pollen or silk were obtained in parallel to the long-term feeding experiments described in Meissle et al. (2011) . The same batches of insects and maize were used and the same methodology was applied. For pollen-feeding, 14 and seven samples for females and males, respectively, with 2Ð3 corn rootworm individuals per sample were analyzed by ELISA. For silk, 17 and 11 samples for females and males, respectively, with 2Ð5 beetles per sample used.
Cry3Bb1 concentrations after short-term feeding were compared with those after long-term feeding using nonparametric MannÐWhitney U tests.
Results
Uptake and Fate of Cry3Bb1. "Fresh" prey specimens contained the highest amounts of Cry3Bb1 and differences between prey types were present (KruskalÐWallis analysis of variance, P Ͻ 0.0001, H ϭ 79.4) (Fig. 1) . Corn rootworms contained more Cry3Bb1 than lacewings and rootworm females contained more than males (P Յ 0.023). The observation that lacewing females also contained twice as much Bt protein than males (Fig. 1) was not conÞrmed statistically. One day after being fed to the spiders, significantly less Bt protein was measured in corn rootworm females compared with fresh prey (Fig. 1) . This difference was smaller and not signiÞcant for lacewings and corn rootworm males. No difference in the amount of Bt protein in prey individuals was observed between the "1 d" and "5 d" treatment or between the "5 d" and "Separated" treatment.
One day after receiving a corn rootworm or a lacewing as prey, P. impressa females contained 22.0 Ð59.1 ng or 1.40 Ð1.88 ng Cry3Bb1, respectively (Fig. 1) . For all four prey types, the amount of Bt protein in the "fresh" prey was not statistically different to the sum of Cry3Bb1 in the prey and in the spiders of the corresponding "1 d" treatment (MannÐWhitney U tests, P Ͼ 0.07). In the "5 d" treatment, the Bt protein in the spiders was lower (86 Ð94%) than in the "1 d" treatment for all prey types (P Ͻ 0.001). Spiders separated from their prey after 1 d contained similar amounts of Bt protein on day Þve compared with those remaining with their prey for 5 d (P Ͼ 0.1) with the exception of spiders fed with lacewing males, which contained less Cry3Bb1 when separated from their prey than when remaining with their prey (P ϭ 0.009) (Fig. 1) .
Comparison of Short-term With Long-term Feeding. When Cry3Bb1 concentrations after a short period of feeding (1Ð 8 d) were compared with long-term feeding data (28 Ð 64 d), no signiÞcant differences were observed for P. impressa females feeding on corn rootworm adults, lacewing females feeding on Bt maize pollen, corn rootworm females feeding on pollen, and corn rootworm females and males feeding on silk (Mann-Whitney U tests, P Ͼ 0.1) ( Table 1) . A trend for lower Cry3Bb1 concentrations after longterm feeding was observed for P. impressa juveniles and D. v. virgifera males feeding on Bt maize pollen (0.05 Ͻ P Ͻ 0.09). Juvenile P. impressa feeding on spider mites, female P. impressa feeding on lacewings, and adult male lacewings feeding on pollen revealed signiÞcantly lower Bt protein concentrations after long-term feeding compared with a short feeding period (P Ͻ 0.02) ( Table 1) .
Discussion
One day after attacking a prey specimen, considerable amounts of Cry3Bb1 were measured in adult P. impressa, which conÞrms that spiders are clearly exposed when feeding on Bt protein-containing prey. The fact that the sum of Cry3Bb1 in spiders and prey after 1 d of feeding was similar to the amount in fresh prey shows that the Bt protein was not signiÞcantly degraded or digested during or shortly after the feeding process. However, it remains unclear whether or not the Bt protein measured by ELISA in prey and spiders after the feeding was still biologically active, even though previous work has demonstrated that D. v. virgifera adults and T. urticae do contain biologically active Cry3Bb1 (Meissle and Romeis 2009b) . The amount of Cry3Bb1 in prey individuals 1 d after the spider attack remained relatively high. This indicates that only a fraction of the Bt protein available in the prey items has been consumed by the spiders, thus limiting exposure. When considering the Cry3Bb1 concentration per g DW, the values measured in the spiders 1 d after provision of prey was 55 and 37% of the concentration in fresh corn rootworms and lacewings, respectively (Table 1 ). In the previously published long-term feeding experiment with P. impressa, the concentration measured in the spiders was attributed to the last provided prey item, and resulted for corn rootworms in 32 and for lacewings in 18% of the concentration in the prey (Meissle and Romeis 2009a) . The higher values in the current study could be explained by the facts that the spiders were younger and starved when consuming the prey, which might have resulted in higher feeding activity and thus Cry3Bb1 uptake. When juvenile P. impressa were fed with Bt maize-fed spider mites or Bt maize pollen, the spiderlings contained only 3% of the Cry3Bb1 concentrations in the food (Meissle and Romeis 2009a) . When the spiders Pirata subpiraticus (Bö senberg et Strand) (Araneae: Lycosidae) or Ummeliata insecticeps (Bö senberg et Strand) (Araneae: Linyphiidae) were fed with Cnaphalocrocis medinalis (Guené e) (Lepidoptera: Pyralidae) or Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) from Bt rice, respectively, the concentration of Bt protein in the predator was 10 or 20% of the concentration in the prey (Chen et al. 2009 , Tian et al. 2010 . Thus, Bt protein concentrations in spiders are generally lower than in the prey, even though the concentration in the spiders relative to that in the prey can vary considerably for different life stages and species. In addition, a dilution effect has also been reported for the transfer of Cry3Bb1 from the Þrst trophic level (i.e., Bt maize), to the second level (i.e., lacewings and corn rootworms) (Li et al. 2008 , Meissle et al. 2011 .
The concentration of Cry3Bb1 in P. impressa decreased by Ϸ90% within 5 d after feeding. In contrast to our experiment, where only one prey item was provided, several authors have determined the turnover of Bt proteins in arthropods after switching from Bt to non-Bt ad libitum food. The time until no Bt , and in P. impressa female spiders feeding on the respective prey items. "1 d" or "5 d" indicates that the Bt protein was measured in prey and spiders one or 5 d after providing prey to the spiders, respectively. "Separated" indicates that prey and spiders were separated after 1 d, but the Bt protein was measured on day Þve. SigniÞcant (*) and nonsigniÞcant (n.s.) statistical comparisons by using nonparametric MannÐWhitney U tests are indicated. ␣-levels were adjusted for multiple comparisons according to BonferroniÐHolm to ␣ ϭ 0.017 and ␣ ϭ 0.025 for prey species and spiders, respectively. N ϭ 18Ð19 for each bar.
protein was detected was found to be between 2 and 6 d for Frankliniella tenuicornis (Uzel) (Thysanoptera: Thripidae) (Obrist et al. 2005) , C. carnea (Romeis et al. 2004 , Wei et al. 2008 ; Geocoris punctipes (Say) (Heteroptera: Geocoridae) (Torres et al. 2006) ; Podisus maculiventris (Say) (Heteroptera: Pentatomidae) (Torres and Ruberson 2008) ; and Plutella xylostella (L.) (Lepidoptera: Plutellidae) (Wei et al. 2008) . Those examples show that Bt proteins decrease rapidly in different arthropods (including P. impressa), even though metabolic rates might differ between spiders and insect predators. This decrease is likely a result of excretion, digestion, or both.
In the current experiment, the Cry3Bb1 content remained high in the dead prey individuals over 5 d, most likely because the prey dried out rapidly after being killed by spiders, which preserved the Bt protein from degradation. Apparently, the spidersÕ digestive ßuid and venom, which typically are injected in the prey, did not lead to signiÞcant Bt protein degradation. The fact that there was no difference in the amount of Cry3Bb1 in spiders that had access to prey over a period of 5 d compared with those that were kept separated from their prey after 1 d of feeding (with the exception of lacewing males provided as prey), suggests that spiders did not feed repeatedly on their (dried out) prey. In the Þeld, however, climatic conditions and the ubiquitous presence of microorganisms favor the degradation of dead arthropod and plant material, which commonly results in a rapid Bt protein decrease (Icoz and Stotzky 2008, Zurbrü gg et al. 2010) .
When comparing Bt protein concentrations in arthropods after a short feeding period of 1Ð 8 d with those after a long period of 28 Ð 64 d, it became evident that Cry3Bb1 concentrations did not accumulate over time. In contrast, long-term concentrations were signiÞcantly lower in three of 10 examined cases and a similar trend was observed for another two cases. One explanation for reduced concentrations after long-term feeding is that the general Þtness of the test species decreased toward the end of the experiment and therefore lower amounts of food, and consequently Bt protein, were ingested. These results are in accordance with a previous study on the long and short-term feeding on Cry3Bb1 containing prey by the ladybird beetle Stethorus punctillum (Weise) (Coleoptera: Coccinellidae) (Li and Romeis 2010) . After feeding for 56 d on Bt maize-fed spider mites, concentrations of Cry3Bb1 were very similar to the values measured after 5, 10, or 15 d.
This work demonstrates that Cry3Bb1 is diluted when transferred from prey to P. impressa. It is furthermore rapidly excreted by female spiders, digested, or both. Finally, Bt protein concentrations remain stable or even decrease over time in P. impressa, C. carnea, and D. v. virgifera . Bt protein dilution, rapid turnover, and the lack of accumulation over time despite continuous exposure indicate that unexpected long-term risks for nontarget species are unlikely.
